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E-mail address: giulia.delorenzo@uniroma1.it (G. DAn efﬁcient sensing of danger and a rapid activation of the immune system are crucial for the sur-
vival of plants. Conserved pathogen/microbe-associated molecular patterns (PAMPs/MAMPs) and
endogenous molecular patterns, which are present only when the tissue is infected or damaged
(damage-associated molecular patterns or DAMPs), can act as danger signals and activate the plant
immune response. These molecules are recognized by surface receptors that are indicated as pattern
recognition receptors (PRRs). In this paper we summarize recent information on oligogalacturo-
nides (OGs), a class of DAMPs that is released from the extracellular matrix of the plant cell during
pathogen attack or wounding. We also describe the characteristics of the Arabidopsis Wall-
Associated Kinase 1 (WAK1), a PRR recently identiﬁed as a receptor of OGs and discuss the use of
WAK1, PRRs and chimeric receptors to engineer resistance in crop plants.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Since the advent of agriculture about 9000 years ago, humans
have continually intervened to limit the various diseases that de-
stroy cultures and/or modify the quality and the nutritional value
of the agricultural products. Selection of more productive crop
genotypes that better resist to adversities has been a key strategy
for thousands of years. With the raise of chemistry at the end of
XIX century, molecules appeared that could be used to increase
crop yields, leading to a revolution in agriculture. However, the
use of chemical compounds against microbial diseases of plants
is challenged by the evidence that their intensive use in agricul-
ture, like in medicine, leads to emergence of new adapted path-
ogenic strains. For instance, the pathogenic bacterium
Pseudomonas syringae became resistant to rifampicin during the
50’s when the use of this compound became very intense. In
addition, many chemicals are toxic for plants and humans, and
horizontal transfer of resistance may occur from adapted to
non-adapted microorganisms able to infect both plants and ani-
mals, like Salmonella ssp. [1]. This prompted the search for new
solutions to enhance the plant capability of resisting to diseases.chemical Societies. Published by E
e Lorenzo).For example, biologists look now at the possibility of exploiting
the mechanisms of natural defense, i.e. the mechanisms of plant
immunity.
In an environment full of harmful microbes, an efﬁcient sensing
of danger and a rapid mounting of defense responses are crucial for
the survival of plants as well as of animals. Protective mechanisms,
collectively referred to as immunity, include the perception of con-
served pathogen- or microbe-associated molecular patterns
(PAMPs or MAMPs) by germ line-encoded pattern recognition
receptors (PRRs) [2]. In plants, the activation upon PAMP recogni-
tion of a complex array of defense responses that eventually termi-
nates microbial infection [3] has been indicated as PAMP-triggered
immunity (PTI) [4]. Successful pathogens need to suppress PTI to
express their full virulence potential, and do so by using effectors
or toxins leading to the so-called effector-triggered susceptibility
(ETS). Many plants then evolve the ability to sense speciﬁc patho-
gen effectors through the so-called resistance (R)-proteins and
mount a second level of defense called effector-triggered immunity
(ETI) [4]. ETI leads to a defense response that is stronger than PTI
and normally accompanied by a form of programmed cell death
called hypersensitive response. Like in animals, plant immunity
also relies on the ability to sense invading microbes by means of
endogenous molecular patterns that are present only when the tis-
sue is infected or damaged (damage-associated molecular patternslsevier B.V. All rights reserved.
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altered self that leads to the activation of the immune system.
In this paper we summarize the characteristics and the biolog-
ical activity of PAMPs and DAMPs, and the main features of the
PRRs identiﬁed so far. We will then focus on a class of DAMPs that
is released in the extracellular matrix of the plant cell, i.e. the
oligogalacturonides (OGs) and describe the chimeric receptor ap-
proach that recently lead us to the identiﬁcation of the wall-asso-
ciated kinases WAK1 as a receptor of OGs. Finally we will discuss
the potential of the chimeric receptor approach to improve
resistance to pathogens in crop plants.
2. Perception of PAMPs by sentinel pattern recognition
receptors (PRRs)
The ability to perceive and process information via cell surface
receptors is a basic property of living systems and often involves
receptors characterized by the presence of a ligand-binding extra-
cellular domain (ectodomain), a single membrane spanning
domain and a cytoplasmic kinase domain (RK). In animals, the fam-
ily of receptors with a tyrosine-type kinase domain (RTKs) medi-
ates many signalling events at the cell surface [5]. In plants, a
high number (more than 400 in Arabidopsis) of receptors with
the typical transmembrane RK structure (RLKs, receptor-like
kinases) are grouped in different families [6,7]. About 30 receptors
have been so far characterized, mainly as serine-threonine kinases
involved in a variety of processes like brassinosteroid signalling
(BRI1), meristem development [CLAVATA1 (CLV1)], leaf develop-
ment (Crinkly4), abscission (HAESA) and self-incompatibility
(SRKs) [8].
Recognition domains of RLKs include different scaffolds such as
LysM domains, epidermal growth factor (EGF)-like repeats or leu-
cine-rich repeat (LRR) motifs [6,7]. LRR-RLKs represent the largest
number of RLKs with more than 220 members [6]. Subfamily XII of
LRR-RLKs comprises the PRRs for bacterial proteinaceous PAMPs,
FLS2 and EFR [3]. FLS2 is characterized by 28 LRR modules and per-
ceives ﬂagellin via the minimal epitope ﬂg22, leading to callose for-
mation, accumulation of defense proteins, production of reactive
oxygen species (ROS) and activation of mitogen-activated protein
kinases (MAPKs) accompanied by inhibition of seedling growth.
EFR has a structure similar to FLS2, contains 21 LRRs and recog-
nizes the peptide elf18, corresponding to the conserved 18 N-
terminal residues of the bacterial elongation factor Tu (EF-Tu),
one of the most abundant and conserved prokaryotic proteins
[3,9]. Responses regulated by FLS2 and EFR are largely similar
[9]. However, these two receptors have different evolutionary sto-
ries and properties. For example, responsiveness to ﬂagellin is
shared by all members of higher plants and FLS2 orthologs have
been identiﬁed in Arabidopsis, tomato, Nicotiana benthamiana
and rice [10]. On the other hand, response to EF-Tu and elf18 oc-
curs in Arabidopsis and other Brassicaceae, but not in tobacco or to-
mato [11]. Probably, the recognition system of elf18 has been
developed after the separation between Solanaceae and Brassica-
ceae, about 120 millions of years ago [12]. Arabidopsis EFR (AtEFR)
is able to function in Solanaceae, while AtFLS2 is not [13–15]. Mu-
tants affected in PAMP recognition are more susceptible to adapted
(virulent) pathogens and allow some degree of disease progression
by non-adapted (not virulent) pathogens, reﬂecting defects in basal
resistance. For example, loss of ﬂagellin recognition in Arabidopsis
and N. benthamiana enhances susceptibility to virulent, weakly vir-
ulent and non-virulent P. syringae strains [10].
Other characterized PRRs are the Oryza sativa (rice) LRR-RLK
XA21 and the Arabidopsis LysM-receptor kinase CERK1/LysM
RLK1. XA21 binds the type-I secreted protein Ax21, which activates
XA21-mediated immunity of rice against Xanthomonas oryzae pv.oryzae and is likely involved in quorum sensing [16,17]. A sulphat-
ed peptide corresponding to the ﬁrst 17 amino acids of Ax21 is suf-
ﬁcient to trigger XA21-mediated resistance in rice [18]. On the
other hand, the Arabidopsis CERK1 is necessary for perception of
chitin (N-acetyl glucosamine) oligomers [19,20]. CERK1/LysM
RLK1-deﬁcient plants show a defective response to chitin and are
weakly impaired in defense against the chitin-containing fungal
pathogen Alternaria brassicicola. A chitin-binding activity has been
shown in the rice protein CEBIP, which comprises a LysM domain
and a transmembrane domain but lacks the kinase signalling do-
main [21,22]. An Arabidopsis CEBIP ortholog may complement
the CERK1 receptor with its potential chitin-binding moiety.
3. The Damage-Associated Molecular Patterns (DAMPs)
The structural barrier represented by the plant cell wall may be
breached by pathogen-secreted lytic enzymes or mechanical dam-
age and generate molecules that function as endogenous elicitors
or DAMPs. DAMPs typically appear in the apoplast (cell wall)
and, similarly to MAMPs, serve as danger signals to activate the im-
mune response. Similarities of DAMP signalling in animals and
plants have been reviewed recently [23].
A 18-amino-acid peptide called systemin has the typical fea-
tures of DAMPs. Systemin triggers a defense response in tomato
plants similar to that induced by mechanical wounding [24].
Because its precursor prosystemin is a cytoplasmic protein, syste-
min is expected to be released only upon cell injury and to act as a
DAMP in the neighbouring cells. Receptors that mediate percep-
tions of systemin have not yet been identiﬁed [25].
The 23-amino-acid peptide AtPep1 is another DAMP and was
isolated from Arabidopsis leaves as a molecule that induces alka-
linisation in Arabidopsis cell cultures at subnanomolar concentra-
tions and ampliﬁes the responses triggered by PAMPs [26]. AtPep1
represents the C-terminal part of a small, putatively cytoplasmic
protein encoded by PROPEP1, a gene induced by wounding, cell
wall degradation, methyl jasmonate, ethylene, ﬂg22 and AtPep1;
at least six genes are distantly related to PROPEP1 [27]. Constitutive
overexpression of the PROPEP1 gene causes an increased resistance
against Pythium [26]. The receptor of AtPep1 is PEPR1, which be-
longs to the LRR-RLK family XI [6]; double mutants defective in
PEPR1 and its homolog PEPR2 fail to respond to AtPep1, AtPep2
and AtPep3 [27].
Degradation or damage of the polysaccharide extracellular ma-
trix (ECM) also leads to the release of DAMPs, in both plants and
animals. The ECM plays a key role in the communication of cells
with the environment and in the interpretation of external chal-
lenges such as mechanical stress, wounding or pathogen attack.
In vertebrates, for instance, the ECM structurally simple polysac-
charide hyaluronan, formed by repeating disaccharides of D-
glucuronic acid and D-N-acetylglucosamine, linked via alternating
b-1,4 and b-1,3 glycosidic bonds, regulates not only growth and
development but also the immune system, and contributes to
maintain cell and tissue integrity. Fragments mechanically or enzy-
matically released from hyaluronan are important signals for alter-
ations occurring in the ECM; they activate inﬂammatory genes in
inﬂammatory cells and promote tissue repair. The LRR Toll-like
receptors 2 (TLR2) and 4 (TLR4), which are also typical PRRs,
redundantly act to sense hyaluronan fragments [28].
The plant ECM (i.e. the cell wall) is the ﬁrst barrier opposed to
the attack of pathogens and its degradation is an important step
during pathogenesis. Enzymes that breach the plant cell wall (cell
wall-degrading enzymes: CWDEs) are produced by many patho-
gens and are essential components of their offensive arsenal.
CWDEs have been shown to be important for fungal pathogens that
lack specialised penetration structures and for necrotrophic
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polygalacturonases (PGs; EC 3.2.1.5), which cleave the linkages
between a-1,4 D-galacturonic acid residues in non-methylated
homogalacturonan, the major component of pectin. PGs cause cell
separation, tissue maceration and release of mono- di- and three-
saccharides utilized as nutrients for the pathogen growth [29]. By
hydrolysing homogalacturonan, PGs may release fragments, the
oligogalacturonides (OGs), that elicit defense responses in many
plants [29]. Like hyaluronan fragments, OGs are typical DAMPs
and their elicitor activity is related to their molecular size, being
OGs with a degree of polymerization between 10 and 15 the most
active elicitors [30–32].
Also microbial cutinases, which are secreted by many microbes
to breach the cuticle and allow penetration of the plant tissue, may
lead to the release of DAMPs. Indeed, cutin monomers at micromo-
lar concentrations elicit defense responses [33].
3.1. The oligogalacturonides, a class of DAMPs
Since the demonstration by Hahn and colleagues [34] that
structural components released upon partial hydrolysis of the
plant cell wall can induce phytoalexin synthesis, several research-
ers have demonstrated that OGs act as danger signals. Treatment
with OGs induce glucanase, chitinase and polygalacturonase-
inhibiting proteins (PGIPs) [29,30,35] as well as a robust oxidative
burst [36,37], a common early response of plant tissues to patho-
gen attack and elicitor treatment. O2-generating NADPH oxidases
are the major producers of ROS during the oxidative burst trig-
gered by pathogens or elicitors [38]. In Arabidopsis, the NADPH
oxidase AtrbohD, which is required for the production of ROS
during infection with different bacterial and fungal pathogens
[38], is required also for OG-induced accumulation of H2O2 [37].
Treatment with OGs protects grapevine (Vitis vinifera) and Arabid-
opsis leaves against infection with Botrytis cinerea [36,39], suggest-
ing that production of these elicitors at the site of infection
contributes to activate defense responses. Protection against B.
cinerea induced by OGs, like protection against P. syringae induced
by ﬂg22 [40], occurs both in wild type Arabidopsis and in mutants
impaired in salicylic acid (SA)-, jasmonate (JA)-, or ethylene (ET)-
mediated signalling [39]. Protection by OGs also occurs in mutants
lacking AtrbohD [37], indicating that H2O2-dependent responses
are not required for OG-induced resistance. On the other hand, OG-
induced resistance is abolished in mutants defective in the
PHYTOALEXIN DEFICIENT3 (PAD3) gene, which encodes the cama-
lexin biosynthetic enzyme cytochrome P450, CYP71B15 [39]. Nota-
bly, the expression of PAD3, and AtPGIP1, which is effective against
the PG of B. cinerea, is induced by OGs independently of SA-, JA-,
and ET-mediated signalling [39,41]. It is likely that multiple de-
fense responses are induced by OGs independently of SA, ET, and
JA.
Transcript proﬁling analysis of Arabidopsis seedlings treated
with OGs or ﬂg22 shows a fast and transient response character-
ized by activation of multiple defense signalling pathways, partic-
ularly JA-associated processes [42]. However, the response to ﬂg22
is stronger both for the number of genes induced and the ampli-
tude of their expression, i.e. OGs do not induce a response that is
as complex as that induced by ﬂg22. For example, SA-dependent
secretory pathway genes and PR1 expression are induced only by
ﬂg22 [42]. Among the 244 transcripts that are up-regulated by
OGs in suspension-cultured Arabidopsis cells, ninety-three (38%)
are sensitive to abolition of the Ca+2 transient by the Ca+2 channel
inhibitor La31 [43].
OGs have been proposed as important signals in the wound re-
sponse [44,45]. Since they are negatively charged and have a lim-
ited mobility, their activity as a wound signal is likely to be
restricted to the areas that are close to the damaged or woundedtissue [46]. Wound–inducible plant-derived PG genes, as described
in tomato, may be responsible for a local production of endogenous
OGs at the wounded site of the plant tissue [47].
Besides inducing defense responses, OGs regulate plant growth
and developmental events in dicots [48–51] and gymnosperms
[52]. In many of these events OGs inhibit auxin-related plant re-
sponses. OGs also block the auxin-induced activity of promoters
known to be regulated by this hormone, such as prolB of Agrobac-
terium rhizogenes expressed in tobacco plants [50], and pNt114 of
tobacco [53]. It was also demonstrated that H2O2 produced in to-
bacco upon OG treatment is not responsible for the observed auxin
antagonistic effects [54]. Auxin antagonism by OGs takes place also
in Arabidopsis. In this plant species, these elicitors inhibit the aux-
in-dependent formation of adventitious roots in leaf explants, the
transcription of auxin-induced genes such as IAA5, SAUR16 and
SAUR-AC1 as well as the auxin-induced activity of the synthetic
promoter DR5. Conversely, auxin inhibits the OG-related protec-
tion against B. cinerea. Neither AtrbohD-dependent H2O2 accumu-
lation nor hormones such as SA, JA or ET mediate the OG-auxin
antagonism. Notably, antagonism is not mediated by the microRNA
393, which was proposed to mediate inhibition of auxin responses
by ﬂg22 treatments [55], nor requires post-transcriptional gene
silencing. Neither OGs nor ﬂg22 are able to stabilize AUX/IAA pro-
teins (such as AXR3), which are repressors of auxin responses, in
the co-treatments IAA+OG and IAA+ﬂg22. Interestingly, inhibition
of IAA5 gene expression occurs also in the presence of the protein
biosynthesis inhibitor cycloheximide (CHX) (unpublished). This
drug causes rapid disappearance of canonical AUX/IAA proteins,
because of their short turn-over timing in vivo (5-15 min) and con-
sequently up-regulation of the expression of their auxin-regulated
target genes [56]. It is likely that the inhibitory effects of OGs take
place downstream of AUX/IAA repressors, perhaps at the level of
promoter activity.4. The pectin integrity monitoring system
The biological activity of OGs suggests that they act as indica-
tors of the integrity of the tissue during normal and adverse condi-
tions. OGs are generated from the cohesive pectin matrix, which
embeds the cellulose-hemicellulose network and is the more
external component of the plant cell wall. Pectin is, therefore, the
ﬁrst component subjected to alteration or modiﬁcation, thus
explaining why speciﬁc and sophisticated mechanisms for sensing
its integrity have been evolved. We collectively indicate these
mechanisms as a ‘‘pectin integrity monitoring system’’ (PIMS).
PIMS is the mechanism by which critical structures in the pectin
network are monitored to alert the cell in the case of danger. Rec-
ognition of OGs is an important part of PIMS. Furthermore, a strong
and constitutive activation of defenses is observed in plants with
altered pectin structure. This occurs when genes encoding en-
zymes involved in pectin biosynthesis, such as QUASIMODO 2 or
TUMOROUS SHOOT DEVELOPMENT 2, are mutated [57,58], or when
exogenous proteins affecting pectin structure are expressed in
transgenic plants [59,60]. On the other hand, PIMS does not func-
tion in the presence of secondary modiﬁcations affecting the meth-
ylation status of pectin and not affecting its overall integrity.
Modiﬁcations of this kind have been obtained in transgenic plants
by expressing inhibitors of pectin methyl esterases (PMEIs) [61] or
in KO mutants of pectin methylesterase 3 (pme3) [62,63]. In both
cases no activation of defense genes is observed as a consequence
of the modiﬁcation.
Also PGIP may be considered as a player of the PIMS [64,65].
PGIP slows down the hydrolysis of homogalacturonan by microbial
PGs and counteracts the wall-breaching activity of these enzymes,
but also favours the accumulation of OGs, thus enhancing the plant
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lished: transgenic tomato and grape plants overexpressing a pear
PGIP [66,67] or transgenic tobacco and Arabidopsis plants over-
expressing bean or Arabidopsis PGIPs exhibit enhanced resistance
to B. cinerea infection [68,69]. Conversely, Arabidopsis plants
expressing an antisense pgip gene showed increased susceptibility
against B. cinerea [70].
PGIP is the ﬁrst LRR protein identiﬁed in plants and character-
ized at the molecular, biochemical and structural level [71–74]. It
comprises 10 LRR motifs of the extracytoplasmic type (eLRR) char-
acterized by the consensus sequence xxLxxLxLxxNxLt/sGxIPxxLGx.
The eLRR motif is present in all the LRR RLKs, including FLS2 and
EFR, and differs in terms of length and composition from those
found in plant intracellular LRR proteins.
5. PRRs can be used to construct functional plant chimeric
receptors
In the attempt to identify a receptor of OGs among more than
400 RLKs of Arabidopsis, we unsuccessfully used biochemical ap-
proaches, using biotin or ﬂuorescently labelled OGs (unpublished).Fig. 1. Transmembrane and ﬂanking regions of plant RLKs (top set of sequences) and RLP
green. Along the sequence, cysteins are indicated in orange; positively and negatively c
Fig. 2. Junction points of different plant chimeric receptors. Transmembrane and ﬂankin
are shown in small and capital letters at the top and the bottom of each set of sequences.
the transmembrane domain are indicated in green, cysteins in orange and positively char
underlined in CRXa3. The BRI1/XA21 chimera NRG2 has been described in [76]; the FLS2/
[14]; the FLS2/EFR chimera E-oJM in [87]; the CEBIP/XA21 chimera CRXa3 in [100].We also unsuccessfully analysed possible defects in OG response of
several available KO mutants of LRR- and LysM-RLKs. However, the
analogies between the perception system for OGs and that for hya-
luronan fragments in animal discouraged further direct genetic ap-
proaches. The perception system of hyaluronan fragments is, in
fact, characterized by functional redundancy and single KO mu-
tants defective in each of the two receptors, TLR2 and TLR4, do
not show any defect in response [75].
An interesting alternative approach was that based on chimeric
receptors. In animals, chimeric receptors have proven to be a un-
ique tool for elucidating the function of orphan or functionally
redundant receptors, whereas in plants very little progress has
been made using this approach. Since a ﬁrst report on a BRI1/
XA21 chimeras [76] that has never been reproduced in other labo-
ratories, functional receptors were generated only by swapping do-
mains between very closely related homologous receptors [77,78].
We ﬁrst performed a test-of-concept study to determine whether it
is possible to obtain functional plant chimeric receptors using the
Arabidopsis FLS2 and EFR and deﬁne the mode of construction of
the chimeras. The ectodomains of FLS2 and EFR exhibit a different
number of LRRs and different N-terminal and C-terminal cappings (bottom). Residues predicted to form the transmembrane domain are indicated in
harged residues are indicated in red and light blue, respectively.
g regions of native and derived chimeric receptors are shown; the native receptors
Junction points are indicated by arrowheads. As in Fig. 1, residues predicted to form
ged residues in red. Two amino acid residues added during the cloning procedure are
EFR chimera eJM, the EFR/WAK1 chimera EWAK and the WAK1/EFR chimera WEG in
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that shows similarity with TMs of both plant and animal RKs. TMs
of RKs may play a role in the ligand-dependent dimerization and
activation of receptors [79], or in the formation of receptor dimers
that are inactive in the absence of the ligand and more readily
switch to an active state in the presence of low ligand concentra-
tions [80]. Extracellular and intracellular juxtamembrane regions
(eJM and iJM respectively) ﬂank the TMs and, in both FLS2 and
EFR, contain positively charged residues, lysine and arginine, ar-
ranged in a pattern that is speciﬁc for each receptor in proximity
of the TM. Extracellular JMs enriched in negatively charged resi-
dues, aspartic and glutamic acids, are present instead in several
receptor-like proteins (RLPs) (Fig. 1). Some evidence suggests that
the JM regions are critical for a correct function of the receptors.
For example, phosphorylation of iJM residues occurs in Arabidopsis
BRI1 [81]. Furthermore, a study on the EGF receptor suggests that
binding of the ligand induces rotation of the eJM, hence of the TM
and of the iJM leading to kinase activation [82]. We therefore
decided to maintain the integrity of the LRR domain-eJM region be-
cause this likely ensures the most efﬁcient transmission of the li-
gand-induced conformational change to the TM region and
across the plasma membrane. On the basis of literature data
[83,84], we also decided to maintain the integrity of the iJM-kinase
domain region to allow a correct function of the intracellular do-
main (Fig. 2). Recently, phosphorylation of a residue in the iJM of
rice XA21 has been indeed shown to be critical for kinase auto-
phosphorylation and activation of the immune response [85].
The TM domain, which is conserved among receptors in terms
of amino acid composition and length, was used as a point of junc-
tion between FLS2 and EFR. We designed the chimera eJMC, carry-
ing the ectodomain of FLS2 and the kinase domain of EFR, with a
junction point immediately before the TM region and therefore dif-
ferent from the junction point of the chimera described in [76] (see
Fig. 2). We also prepared a chimera carrying a hybrid FLS2/EFR TM
region, named TMC. Transient expression of eJMC in Nicotiana
tabacum (tobacco) led to ﬂg22-induced ethylene accumulation re-
sponse at a level similar to that induced by elf18 upon expression
of EFR and higher than that of untransformed plants [86]. A weaker
activity was shown by the TMC chimera, suggesting that integrity
of the TM domain is important for receptor function. Stable expres-
sion of eJMC as well as of FLS2 conferred responsiveness to ﬂg22 to
the Arabidopsis ecotype Wassilewskija (Ws-0), a FLS2 natural mu-
tant insensitive to ﬂg22, leading to activation of defense gene
expression, reactive oxygen species production and callose deposi-
tion. All in all, it was evident that eJMC could fully recognize ﬂg22
and trigger PTI. Recently, a design similar to that of eJMC (see
Fig. 2) was used to test the importance of subdomains of EFR in
receptor function [87].
6. The Arabidopsis Wall-Associated Kinase 1 (WAK1) is a
receptor of oligogalacturonides
Once assessed the feasibility of the chimeric receptor approach,
the next step was to employ it in our attempt to identify the recep-
tor of OGs. We chose the Arabidopsis wall-associated kinase 1
(WAK1) as a candidate, on the basis of previous observations
showing that this RLK binds pectin and OGs in vitro [88,89].
WAK1 belongs to a family of ﬁve members, encoded by tightly
clustered genes (WAK1–WAK5) arranged in tandem within 30 kb
in chromosome 1 [90]. Interestingly, WAK1 is the only member
of the family that is up-regulated by OGs (about two fold), whereas
both WAK1 and WAK2 are slightly down-regulated by ﬂg22 [42].
The extracellular domain of all WAKs contain two consensus se-
quence patterns for an EGF2-like domain and a calcium-binding
EGF-like domain [91]. In the N-terminal non-EGF portion ofWAK1 a pectin binding domain (PDB) is present that mediates
in vitro binding of OGs and structurally related alginates through
ﬁve basic amino acids (R67, R91, K101,K102, R166) [88,89].
WAK2, but not the other WAKs, shows a similar PBD signature.
TwoWAK1-derived chimeras,WEG (WAK-EFR) and EWAK (EFR-
WAK)with a design similar to that of eJMCwere constructed and ex-
pressed, transiently in tobacco leaves and stably in the Arabidopsis
efrmutant. Responses differentially induced by OGs and elf18 were
analyzed, including ethylene accumulation, which is induced by
elf18 but not by OGs, and expression of gene markers up-regulated
byelf18 (andﬂg22)butnotbyOGs [9,42]. BothWEGandEWAKwere
activated speciﬁcally byOGs and elf18, respectively, to trigger PTI, in
both plant species [14]. All in all, these experiments provided the
ﬁrst evidence that fully functional chimeric receptors can be ob-
tained from two structurally unrelated RLKs.
7. The biology of WAKs
Constant and dynamic interactions between cells and their cell
walls are emerging as important regulatory mechanisms for plant
growth, development and immunity. With their ability to interact
with cell walls, pectin and OGs, WAKs appear as key elements in
the communication of cells with the external microenvironment.
Expression of the ArabidopsisWAK genes is regulated by both envi-
ronmental and developmental cues. RNA gel blot, promoter–b-glu-
curonidase fusion and in situ hybridization analyses have revealed
distinct but also overlapping patterns of expression of the ﬁve
members of the family. Expression of WAK1 and WAK2 has been
observed in stems, expanding leaves and sepals, in shoot and root
apical meristems, at organ junctions and, at a lower extent, in ﬂow-
ers and siliques. WAK2 expression was at the margins of leaves,
whereas that of WAK1 was more often in the vasculature. Expres-
sion ofWAK1 occurred earlier than that ofWAK2 in cotyledons and
sepal tips. Also WAK3 and WAK5 showed expression in leaves and
stems, while WAK4 mRNA was detected only in siliques. Interest-
ingly, in the rosette plant, a spotty pattern of expression was ob-
served for WAK3 and, at a lesser extent, for WAK1 and WAK2,
suggesting expression at sites of insect attack. On the contrary,
WAKs were not signiﬁcantly expressed in the elongation zone of
roots, the inﬂorescence stem, cauline leaves, and ﬂower organs
other than the base, sepals and ovaries [92,93].
WAK1 andWAK2 are induced by wounding, P. syringae infection
and aluminum treatment, whereas WAK1, WAK2, WAK3 and WAK5
are all induced by SA [93,94]. A closely related family of 26 WAK-
like (WAKL) genes also exist in Arabidopsis [90], and an involve-
ment in defense has been described for two members: WAKL22
confers resistance to a broad spectrum of Fusarium races [95] and
WAKL10 gene is up-regulated after B. cinerea infection [96].
Characterization of the role of individual WAKs by reverse ge-
netic studies has been hampered by redundancy and lethality
problems. Transgenic plants constitutively expressing WAK1 or
WAK2 antisense transcripts could not be obtained, suggesting that
loss of WAK function determines lethality [93]. On the other hand,
no phenotypic alterations were shown by plants with dexametha-
sone-inducible silencing of individual WAK1 and WAK2, using
gene-speciﬁc antisense transcripts [93]. Instead, loss of cell expan-
sion and a dwarf phenotype as well as death upon SA treatment oc-
curred upon inducible expression of antisense transcripts
corresponding to the conserved kinase domain of WAK2 that
caused a reduction of all WAK proteins [93,97,98]. Recently a
wak2 loss-of-function mutant was shown to exhibit reduced vacu-
olar invertase activity in the roots; in addition, seedling growth
was dependent on exogenous sugars. Furthermore, a WAK2-
dependent expression of the invertase gene INV1 in response to
treatment with pectin was observed in Arabidopsis protoplasts
Fig. 3. Transgenic plants overexpressing WAK1 are more resistant to Pectobacte-
rium carotovorum (formerly Erwinia carotovora). Symptoms exhibited by Arabidop-
sis Col-0 and transgenic WAK1 plants 16 h after inoculation with P. carotovorum.
Infections were performed as described in [63].
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pectin-mediated signalling pathway that modulates the activity
of vacuolar invertase and sugar metabolism.
Our recent analysis of transgenic plants overexpressing WAK1
has clearly shown that this receptor has a function in defense.
These plants, which show levels of WAK1 transcripts about ten
times higher than those present in untransformed plants, exhibit
enhanced responsiveness to OGs and increased resistance to B.
cinerea [14] and Pectobacterium carotovorum (formerly Erwinia
carotovora, the causal agent of black leg and soft rot) (Fig. 3).
8. The potential of chimeric receptors to engineer resistance in
plants
In our experiments, all the transgenic plants expressing chimeric
receptors showed some resistance to pathogens, indicating that
knowing how to engineer chimeric receptors provides technology
for improving durable resistance against pests. Plants expressing
eJMC exhibited increased resistance against the bacterial pathogen
P. syringae DC3000 [14], while plants expressing WEG were more
resistant to thenecrotrophicpathogensB. cinereaand P. carotovorum
(unpublished). These results indicate that the EFR kinase domain
activates defense responses efﬁcient against all these pathogens
and that activation of theWAK1 ectodomain occurs during infection
with these pathogens. This is in agreement with the notion that
pathogenesis of both B. cinerea and P. carotovorum involves cell wall
degradation and, likely, release of OGs. On the other hand, plants
expressing EWAK were more resistant to P. carotovorum and Agro-
bacterium tumefaciens. This shows that both bacterial species acti-
vate the EFR ectodomain and, on the other hand, that the WAK1
kinase domain is able to activate defense response against bacterial
pathogens. Our study also shows that increased resistance to patho-
gens can be achieved through a moderate overexpression of recep-
tors. Plants overexpressing WAK1 were more resistant to both B.
cinerea and P. carotovorum; similarly, transgenic plants overexpress-
ing FLS2 and EFR showed increased resistance to both P. syringae
DC3000 and A. tumefaciens, respectively [14].
Other recent studies show the potential of the chimeric receptor
approach. Two chimeric receptors, CRXa1 and CRXa3, derived from
the chitin receptor CeBIP, an RLP, and the LRR RLK Xa21, which
mediate resistance to rice bacterial leaf blight, were also described
to be fully functional in CeBIP knock out rice. CRXa3 carries the
ectodomain and part of the eJM region of CeBIP and the TM, iJM
and kinase domains of XA21 (see Fig. 2 for the junction point).
CRXA1 instead carries the iJM and kinase domains of XA21 placed
downstream of the entire CeBIP. Both chimeric receptors conferred
enhanced resistance to two different races of Magnaporthe oryzae,
but did not affect resistance to the bacterial disease caused by X.oryzae pv. oryzae, which lacks chitin, or to the rice necrotrophic
pathogen Cochliobolus miyabeanus [100].
The demonstration that EFR is suitable for the construction of
chimeric receptors is important in the light of the recent ﬁnding
that stable expression of AtEFR in Solanaceae [N. benthamiana and
tomato (Solanum lycopersicon)] confers the ability to respond to
elf18. Notably, tomato plants expressing AtEFR exhibit a
broad-spectrum resistance against agriculturally relevant bacte-
rial pathogens of different genera (Agrobacterium, Ralstonia,
Xanthomonas) [15]. With the huge losses caused by R. solanacea-
rum, this work opens the possibility of protecting Solanaceae
from bacteria through the transformation with EFR. Furthermore,
EFR is amenable to the construction of functional and resistance-
conferring chimeric receptors not only when coupled to an LRR
domain such as that of FLS2 but also when combined with the
extracellular domain of a structurally unrelated PRR such as
WAK1. It is therefore possible to engineer new receptors having
ectodomains from different families or from different species, to
be transferred in Solanaceae, widely extending the potential
exploitation of EFR and enlarging its spectrum against diverse
pathogens. The successful expression in Arabidopsis of rice FLS2
[101] suggests that it could be possible to use monocot PRRs
and transfer speciﬁcity from monocots to eudicots and viceversa.
Tailoring new PRR-based chimeric receptors controlled by a
variety of signals (PAMPs, DAMPs and others) is feasible. These
may be used to confer durable resistance to a variety of agricultur-
ally relevant plant species against a variety of diseases caused
either by bacteria and fungi. The domain swap technology among
PRRs may also turn out to be a powerful tool to engineer not only
disease resistance but also other traits that are useful for plant pro-
ductivity. Last but not least, chimeric receptors are a unique tool to
elucidate the function of the very large number of plant RLKs,
allowing the development of novel tools for crop improvement.
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